Attentional bias toward negative stimuli has been observed in major depression disorders (MDDs). Imaging studies suggest the engagement of fronto-limbic regions like amygdala, anterior cingulate cortex (ACC), and lateral prefrontal cortex, is related to negatively biased attention. However, neural correlates of attentional bias for negative stimuli in individuals with subthreshold depression (SubD), that is individuals who have clinically relevant depressive symptoms but do not fulfill the criteria for MDD, remain unclear. Here, we used functional neuroimaging and the dot-probe task to elucidate the neural substrates of negatively biased attention among individuals with SubD. Behavioral results found that individuals with SubD allocated more attention toward negative stimuli relative to neutral stimuli, which were not observed among non-depressed controls (NCs). Imaging results found greater amygdala and rostral ACC activity in attentional bias toward negative stimuli among participants with SubD compared to NCs; Additionally, participants with SubD showed reduced engagement of bilateral inferior frontal gyrus compared with NCs in the attentional processing of negative stimuli. Together, these results suggest that alteration of fronto-limbic systems relative to controls, known to be related to negative detection and attentional control, is associated with negatively biased attention in individuals with SubD.
INTRODUCTION
Major depression disorder (MDD) is a leading cause of lifetime disability and will be the foremost leading contributor to the global burden of disease (Ferrari et al., 2013; Smith, 2014) . Considering high prevalence and recurrence rate of MDD, it is critical to identify the factors that contribute to increased risk for depression (Joormann et al., 2007; Gotlib et al., 2014) . Subthreshold depression (SubD), which was known as a risk factor of MDD (Cuijpers and Smit, 2004) , has received considerable attention in recent years (Ma et al., 2013; Buntrock et al., 2016; Li et al., 2016) . SubD is defined as individuals who have clinically relevant depressive symptoms but do not fulfill the criteria for MDD (Cuijpers and Smit, 2004; Cuijpers et al., 2007) . As the prodromal phase of MDD (Eaton et al., 1995) , SubD can predict the occurrence of depressive disorders within 2 years (Karsten et al., 2011) . SubD, therefore, provides an ideal model for understanding the pathophysiologic mechanisms of depression and for developing preventative options for patients with MDD.
Biased attention for negative stimuli was theorized to play a vital role in the development and maintenance of depression (Beck, 2008; Disner et al., 2011) . Attentional bias toward negative stimuli or away from positive stimuli were observed among both patients with MDD or participants with elevated risk for depression (Roiser et al., 2011; Gotlib et al., 2014) . For example, Gotlib et al. (2004) found that depressed participants exhibited attentional bias for sad faces during the dot-probe task. Based on the mood-congruency theory, researchers found that dysphoric participants displayed more attention for negative stimuli (Koster et al., 2005) . These results were also found in children of depressed mothers who were thought at elevated risk for developing a depressive disorder (Joormann et al., 2007; Gotlib et al., 2014) . In addition to increased attention toward negative stimuli, depressed individuals also showed decreased attention for positive stimuli than those never depressed participants (Mogg et al., 1991; Koster et al., 2005; Kellough et al., 2008) .
Neuroimaging studies revealed that biased attention toward negative stimuli mainly concerned perturbed brain activation in fronto-limbic system including the amygdala, anterior cingulate cortex (ACC) and lateral prefrontal cortex (PFC), which were regarded as playing a critical role in negative detection, attentional control and emotional regulation (Disner et al., 2011; Roiser et al., 2011; Foland-Ross and Gotlib, 2012) . For instance, Chai et al. (2015) found greater amygdala activation in the processing of negative faces rather than neutral faces among high-risk individuals for depression. Attentional bias toward negative facial expressions evoked increased amygdala activity among both MDD and individuals with cognitive vulnerability (Zhong et al., 2011a) . In one study which examined the neural basis of attentional bias toward sad stimuli in depressed patients using an emotional stroop task, results revealed that sad stimuli elicited elevated activity of rostral ACC among patients relative to healthy controls (Mitterschiffthaler et al., 2008) . These findings were evidenced in the observation that attenuation of the amygdala and rostral ACC to negative stimuli predict later clinical response to therapy in depression (Godlewska et al., 2016) .
Previous studies also found the engagement of prefrontal cortex in negatively biased attention. Participants with depression showed decreased activation of DLPFC and inferior frontal gyrus (IFG) in comparison with healthy controls during matching negative faces relative to matching stimuli shape (Zhong et al., 2011a) . When exposed to negative stimuli, patients with depression expressed decreased activation of IFG and DLPFC (Fitzgerald et al., 2008) . Whereas greater activation of the DLPFC were also reported in use of different emotional regulation strategy among patients with MDD (Johnstone et al., 2007; Kanske et al., 2012) , suggesting its complex role in emotional processing among depressed participants. A recent study examining the stability of brain functions engaged by dot-probe task consistently observed the activation of IFG in the negative attentional bias (White et al., 2016) . A intervention study explored the neural effects of cognitive training on attentional bias and found that cognitive training induced expected attentional bias and activation changes of IFG and DLPFC (Browning et al., 2010) . Attentional bias modification training on participants with SubD found reduced negative attentional bias and normalized increased activation of IFG and DLPFC using resting-state functional magnetic resonance imaging (fMRI, Li et al., 2016) .
The dot-probe task is regarded as a robust paradigm in detecting attentional bias of individuals with depression (Peckham et al., 2010; Dedovic et al., 2015) . In this task, paired faces (either neutral-neutral, or emotional-neutral) were presented and followed by a probe replacing one of the faces in each trial. Attentional bias was quantified by subtracting the reaction time (RT) on detecting the probe replacing the emotional stimulus (congruent condition) from the RT when detecting the target replacing the neutral stimulus (incongruent condition; Bar-Haim et al., 2007) . To date, imaging research on individuals with emotional disorders using the dot-probe task mainly employed two task-relevant contrasts. The first contrast compared negative incongruent trials with negative congruent trials which were thought to examine the neural activation of biased attention toward negative stimuli Dedovic et al., 2015; Fu et al., 2017) . Fu et al. (2017) investigated the neural responses to the threat incongruentversus-congruent contrast on the dot-probe task in young children with behavioral inhibition. Results found significant activation of amygdala, DLPFC, IFG, medial PFC and superior parietal lobule in response to threat incongruent relative to threat congruent trials (Fu et al., 2017) . The second contrast compared all trials that include a negative face (collapsing negative incongruent trials with negative congruent trials) with neutral trials which were thought to examine the neural activation of attentional processing in the face of negative stimuli (Monk et al., 2006 (Monk et al., , 2008 Hardee et al., 2013) . Monk et al. (2008) examined the neural response to the negativeversus-neutral contrast on the dot-probe task in young adults with generalized anxiety disorder (GAD) and found that young adults with GAD showed greater amygdala activation and stronger negative coupling between amygdala and IFG relative to comparison subjects when viewing negative stimuli (Monk et al., 2008) .
In the current study, we aimed to explore the neural basis associated with attentional bias toward negative stimuli among participants with SubD using the dot-probe task and fMRI. Two task-relevant contrasts (negative incongruent-versuscongruent and negative-versus-neutral) were investigated for a fully understanding of neural correlates of attentional bias in relation to SubD. Based on previous studies (Monk et al., 2006 (Monk et al., , 2008 Fu et al., 2017) , we hypothesized that participants with SubD will show attentional bias for negative stimuli but not for positive stimuli at the behavioral level. At the neural level, we tentatively hypothesized that participants with SubD will show greater amygdala and PFC (i.e., DLPFC and ACC) activity in response to negative incongruent-versus-congruent contrast relative to comparison participants. For the contrast of negative-versus-neutral, we expected to find decreased activation of IFG among participants with SubD relative to those healthy controls.
MATERIALS AND METHODS

Participants
A total of 65 female undergraduate students (mean age = 20.29, SD = 1.24, range = 18-24) were recruited from Southwest University, Chongqing, China. Recruitment proceeded in two stages: First, a large group of participants completed the Beck Depression Inventory-II (BDI; Beck et al., 1996) . From this initial group, participants who scored 14 and above or 6 and below were invited to participate in a second session within approximately 1 week. In this session, potential participants completed an in-person screening session, which included BDI and administration of the Structured Clinical Interview for DSM-IV-TR Axis I Disorders (SCID; First et al., 2001 ). The inclusion criteria for the study were: (1) did not fulfill the SCID diagnostic criteria for MDD; (2) had no current bipolar disorder, panic disorder or schizophrenia; (3) had no concurrent psychotherapy and psychotropic medication; and (4) not pregnant and currently not in their menstrual period.
Finally, 40 subjects with a BDI score of 14 and above at the second point in time were assigned to the SubD group, whereas 25 subjects with a BDI score of 6 and below at the second point in time were assigned to non-depressed controls (NCs). All participants were right-handed and had no life history of neurological injury or disease. This study was carried out in accordance with the approval of SWU Brain Imaging Center Institutional Ethics Review Board. In accordance with the Declaration of Helsinki (2008), written informed consent was obtained prior to engagement in the research tasks. After completing all study protocols, participants were thanked for their time and received financial compensation.
Measures
Beck Depression Inventory-II
The BDI is a 21 item self-report questionnaire measuring severity of depressive symptoms during the past week on a fourpoint scale (0-3), with higher scores indicating more severe symptomatology (Beck et al., 1996) . The BDI is considered to be a valid and reliable measure assessing the severity of depressive symptoms in clinical and non-clinical samples.
Dot-Probe Task
The dot-probe task was used to measure attentional bias toward negative stimuli (MacLeod et al., 2002 ) of individuals with SubD or NC. In this task, positive, neutral and negative faces (positive: happy faces; neutral: neutral faces; negative: sad and angry faces) were selected from the NimStim Face Stimulus Set (Tottenham et al., 2009 ) to create positive-neutral, negativeneutral, and neutral-neutral pairs. Independent ratings of the facial expressions (n = 23 participants) on a seven point scale ranging from 1 (negative) to 7 (positive) confirmed a significant difference in valance F(2,44) = 576.12, p < 0.001, (M ± SD, negative: 1.69 ± 0.15; happy: 5.95 ± 0.66; neutral: 4.03 ± 0.30). There was no significant difference in valance between angry and sad facial expressions for negative stimuli t(22) = 0.72, p = 0.48, (M ± SD, angry: 1.65 ± 0.31; sad: 1.73 ± 0.24).
Each trial started with a 500 ms fixation cross (gray background), followed by the face pair stimuli (visual angle of each stimuli ≈5.8 • × 6.5 • , vertical separation between the center of each stimuli ≈11 • ) for 500 ms which was replaced with a pair of dots (i.e., : or..) in the spatial location previously occupied by one of the stimuli. Participants were instructed to press one of two buttons to indicate the type of dot-probe (i.e., horizontal or vertical) as quickly and as accurately as possible. The probes were presented until 1100 ms had elapsed. The inter-trial interval was 1900 ms. Before scanning, participants were trained on the task.
The task involved a total of 200 trials divided across two blocks. There were 32 trials for each of the five conditions (negative congruent, NeC; negative incongruent, NeIC; positive congruent, PoC; positive incongruent, PoIC; and neutral-neutral, Neutral trials). In order to keep the same number of trials for each condition, sad and angry trial types were combined together to get 32 trials in negative congruent or incongruent condition. An additional 40 blank trials (no faces and no dots) were presented to serve as the implicit baseline. In both groups, the positive and negative faces appeared randomly and equally on either the upper or lower location of the screen.
A measure of attentional bias toward emotional stimuli was calculated separately for positive and negative stimuli by subtracting the mean RT on emotional congruent (e.g., NeC) trials from emotional incongruent (e.g., NeIC) trials. Positive scores reflect a biased attention toward emotional stimuli and negative scores reflect a biased attention away from emotional stimuli. In the calculation of attention bias scores, inaccurate trials, trials with RT less than 150 ms or more than 1100 ms were excluded from analyses. Additionally, for each participant, trials with more than 2.5 standard deviations of the mean RT for each condition were also excluded (e.g., Britton et al., 2015; Naim et al., 2015) .
Image Acquisition
MR images were acquired with a 3T Siemens Trio MRI scanner with an 8-channel head coil (Siemens Medical, Erlangen, Germany). T2-weighted gradient echo planar imaging (EPI) were used to obtain the functional images (TR/TE = 2000 ms/30 ms; Flip angle = 90 • ; Slices = 32; Field of view = 220 mm × 220 mm; matrix size = 64 × 64; Voxel size = 3.4 mm × 3.4 mm × 4 mm). High resolution T1-weighted anatomical images were also recorded for anatomical reference (TR/TE = 1900 ms/2.52 ms; Flip angle = 9 • ; Slices Thickness = 1 mm; Slices = 176; Resolution matrix = 256 mm × 256 mm; Voxel size = 1 mm × 1 mm × 1 mm).
Image Processing and Analyses
SPM8 were used to preprocess the functional images (Wellcome Department of Cognitive Neurology, London, United Kingdom 1 ), including slice timing correction, motion correction, and normalization into EPI templates based on the MNI space (voxel size was resampled into a 3 mm × 3 mm × 3 mm). Then, images were smoothed with a 6-mm full width half-maximum Gaussian kernel to increase signal-to-noise ratio.
In the first level analysis, single subject statistical parameter maps were created for each of the five conditions (NeC, NeIC, PoC, PoIC, Neutral) using the general linear model. Blank trials were modeled as an implicit baseline. An additional non-interest regressor modeled excluded nuisance (incorrect, out-of-range, and null response) trials. In addition, the movement correction parameters were added as covariates of no interest to control for possible contribution of movement to the changes in brain activity. Contrast coefficients were calculated at the first level based on comparisons of coefficients for specific conditions, and were submitted to group-level random-effect analysis to estimate error variance across individuals.
The main contrasts of interest were NeIC > NeC trials and Negative (collapsed NeIC trials with NeC trials) > Neutral (neutral-neutral) trials, which reflected the brain activation when participants showed attentional bias for negative and brain responses following negative stimuli distraction respectively (White et al., 2016) . For comparison, PoIC-versus-PoC and Positive (collapsed PoIC trials with PoC trials) versus Neutral were examined as well.
Given theoretical precedent, a priori structural region of interest (ROI) analyses were conducted to look for significant interactions in amygdala, ACC, IFG and DLPFC during negative attentional bias. The Wake Forest University (WFU) Pick Atlas (Maldjian et al., 2003) was used to define these structural ROIs: Amygdala, ACC, IFG (inferior frontal opercularis, inferior frontral triangularis, and inferior frontal orbitalis), and DLPFC (BA9, BA46). Two-sample t-tests were used to determine regional group differences at the second level analyses. Overall significance was achieved with a threshold of p < 0.05 with family-wise error (FWE) small volume correction (SVC) at the cluster level within each ROI in combination with an underlying voxel level threshold of p < 0.001, uncorrected.
RESULTS
Behavioral Results
Participants in the SubD and NCs did not differ in age, t(63) = 0.16, p = 0.88; however, they differed in BDI scores, t(63) = 12.63, p < 0.01, Table 1 . A repeated measures ANOVA on Group (SubD, NCs) × Attentional bias score (Negative, Positive) revealed that the two way interaction of group × Attentional bias score was not significant, F(1,63) = 2.54; p = 0.12. Main effects of group and attentional bias scores were not significant as well, ps > 0.1. Considering the attentional bias score reflects attention bias for positive or negative stimuli relative to neutral stimuli, follow-up one sample t-tests were conducted separately for those with SubD and NCs to determine whether the bias scores of each group showed a significant degree of laterality. The results showed that the attentional bias score for negative stimuli was significantly higher than zero for those with SubD, t(39) = 3.28, p < 0.01, whereas the attentional bias score for negative stimuli did not differ from zero for those with NCs, t(39) = 0.67, p > 0.1. No group difference was found for attentional bias to negative or positive stimuli (ps > 0.1). No significant effects were found on the bias score for positive stimuli.
Imaging Results
Differential activation between participants with SubD and NCs was examined for the contrast of NeIC-versus-NeC. The results showed that participants with SubD exhibited greater activation in the left amygdala (peak MNI coordinate: −21, −3, −27; t = 4.12, p(corrected) < 0.05; Cluster size = 135 mm 3 ; Figure 1B and Table 2 ) and left rostral ACC (peak MNI coordinate: −9, 36, −6; t = 4.03, p(corrected) < 0.05; Cluster size = 378 mm 3 ; Figure 1A and Table 2 ) than the NCs. No other significant effects were found in this contrast. No significant effects were found in these regions in the contrasts of PoIC versus PoC trials.
Differential activation between participants with SubD and NCs was also examined for the contrast of all negative trials (collapsed NeIC trials with NeC trials) versus neutral trials. Participants with SubD showed reduced activation of right IFG (peak MNI coordinate: 42, 27, 0; t = −4.73, p(corrected) < 0.05; Cluster size = 2376 mm 3 ; Figure 2A and Table 2 ) and left IFG (peak MNI coordinate: −39, 18, 12; t = −5.38, p(corrected) < 0.05; Cluster size = 2187 mm 3 ; Figure 2B and Table 2 ) than the NCs. No other significant effects were found in this contrast. No significant effects were found in these regions in the contrasts of PoIC versus PoC trials.
Relationship between Brain Activity and Depression Severity
Correlations between brain activation from NeIC-versus-NeC and negative-versus-neutral contrasts and depression severity of participants with SubD were also explored. This revealed a negative and significant relationship between BDI scores and left IFG activity (r = −0.37, p = 0.02) and a marginal negative significant correlation between BDI scores and right IFG activity (r = −0.3, p = 0.06). However, there was no significant relationship between depression severity and brain activity of amygdala and ACC among participants with SubD.
DISCUSSION
The current study aimed to investigate the neural responses associated with attentional bias for negative stimuli among young adults with SubD using the dot-probe task and functional MRI. Two task-relevant contrasts of negative incongruentversus-congruent trials or negative-versus-neutral trials were both assessed. Consistent with our hypothesis, behavioral results revealed that individuals with SubD exhibited an attentional bias toward negative stimuli in comparison with NCs. Imaging results found greater activation of amygdala and rostral ACC in the contrast of negative incongruent-versus-congruent trials among participants with SubD rather than NCs. In the contrast of negative-versus-neutral contrast, participants with SubD showed less recruitment of bilateral IFG compared with NCs. Together, these findings suggest that participants with SubD exhibited negative biased attention and fronto-limbic alterations associated with attentional bias for negative stimuli may contribute to increased risk for depression.
Participants with SubD allocated more attention toward negative stimuli than neutral stimuli, while NCs did not show Frontiers in Psychology | www.frontiersin.org significant attentional bias for negative or positive stimuli. The interaction between negative emotions and attention has been examined by a lot of studies in healthy participants (Vuilleumier et al., 2001; Pessoa et al., 2002) , patients with attentional deficits (Tamietto et al., 2015) , or other psychiatric disorders (Roiser et al., 2011; Gotlib et al., 2014) . Previous studies on both depressed patients or individuals with high risk for depression consistently observed biased attention for negative stimuli (Roiser et al., 2011; Gotlib et al., 2014) . This is grounded by a recent metaanalysis on attentional bias in depressed individuals which revealed the existence of negatively biased attention in depression (Peckham et al., 2010) . These results support the cognitive conceptualizations of depression proposing that negative bias is a trait characteristic of depression vulnerability (Beck, 2008; Disner et al., 2011) , however, the fact that negative mood may also contribute to negative bias cannot be excluded. Participants with SubD showed greater amygdala and rostral ACC activity for negative stimuli than NCs in the contrast of negative incongruent-versus-congruent. These findings are consistent with previous studies which observed increased amygdala activity in response to negative information in depressed patients (Lévesque et al., 2003; Siegle et al., 2007; Greening et al., 2013) or participants with elevated risk for depression (Zhong et al., 2011b; Albert et al., 2016) . The amygdala has previously been implicated in enhanced perception of emotionally salient events (i.e., aversive stimuli, Anderson and Phelps, 2001) . Participants with remitted depression showed greater attentional bias for negative stimuli and increased amygdala activity for negative images than healthy subjects (Albert et al., 2016) . In comparison with neutral faces, presentation of sad faces were associated with significant activation of bilateral amygdala among depressed patients during an affective detection task (Dannlowski et al., 2007) . Patients with depression expressed enhanced amygdala activation for negative faces that were the target of attention, but not when negative faces were unattended distracters (Greening et al., 2013) . Consistent with a recent meta-analysis of negatively attentional bias of MDD (Hamilton et al., 2012) , increased amygdala activation in attentional bias for negative stimuli may suggest a maladaptive detection of negative information in vulnerable individuals of depression.
The region of the rostral ACC is regarded as an affective division of cingulate cortex and plays a vital role in affective processing and cognitive control (Bush et al., 2000; Shackman et al., 2011) . A recent review indicated that altered rostral ACC activity contributes to biased attention for negative information in depression by disrupting efficient inhibition of negative stimuli (Disner et al., 2011) . Such results are consistent with previous findings that depressed patients recruit more rostral ACC during sad stimuli processing compared with healthy controls, and this enhanced activation of rostral ACC positively correlates with response time to negative stimuli in depressed patients (Mitterschiffthaler et al., 2008) . Researchers also found increased functional connectivity between rostral ACC and amygdala in the processing of negative self-related information in depressed individuals in comparison with control participants (Yoshimura et al., 2010) . In addition, an imaging study on attentional training in healthy participants found significant training effects in rostral ACC when conflicting demands were made on attention (Browning et al., 2010) . Thus, the results suggest that participants with SubD may need more cognitive effort to disengage attention from negative stimuli.
In the present study, participants with SubD exhibited hypoactivation in bilateral IFG when distributing more attention toward negative stimuli relative to neutral compared with NCs. The IFG is considered to be involved in inhibitory control (Aron et al., 2014) , which stems from the active maintenance of dynamic patterns in this region to achieve them (Miller and Cohen, 2001) . A weakness of the IFG will affect many types of inhibitory control including attentional control in neuropsychiatric disorders (Aron et al., 2014) . Indeed, participants with depression exhibited decreased activation in the IFG in a response inhibition task (Townsend et al., 2012) , emotional regulation task (Greening et al., 2014) , and a negative facial expression matching task compared to healthy subjects (Zhong et al., 2011a) . Activation of the IFG were associated with reduced emotional responses through an attentional bias mechanism that acts on the subcortical region, such as amygdala (Wager et al., 2008; Beevers et al., 2010) . This is consistent with prior findings that interaction between amygdala and prefrontal regions like ACC, IFG, and DLPFC played an important role in regulating emotional faces processing (Lapate et al., 2016; Diano et al., 2017) . Decreased activity in the IFG combined with altered patterns of rostral ACC activity is thought to conduce to rumination by facilitation the inhibition of positive information and the impedance of the inhibition of negative information (Elliott et al., 2002) . Our finding of decreased recruitment of the IFG for individuals with SubD in the presence of negative relative to neutral stimuli suggests that, compared with healthy controls, individuals with SubD may exhibit an inefficient attentional disengagement from negative stimuli which is related to decreased activity in the IFG.
Notwithstanding its potential implications, some limitations of this study should be acknowledged. First, there are discrepancies between increased and decreased activation of the IFG in studies on emotional processing in depressed individuals (Diener et al., 2012; Miller et al., 2015) . In the present study, we argued that the decreased activation of IFG in response to negative stimuli is due to response inhibition deficits among participants with SubD. Whereas ignoring negative faces compared to neutral faces, depressed patients displayed increased IFG responses compared to healthy controls (Colich et al., 2017) . Researchers suggest that this discrepancy of the functional differences among PFC may be sensitive to task demands, with increased IFG activity reflecting the need for more cognitive resources in depressed individuals, whereas decreased IFG activation reflecting the dysfunction in response inhibition (Aron et al., 2014; Colich et al., 2017) . Second, only young women with SubD were recruited in the current study, which may limit the generalizability of the findings to men. However, previous studies have reported that both depression and anxiety disorders are more prevalent among women than among men (Kessler et al., 1994) . Thus, we decided to recruit only female participants to reduce the heterogeneity of our sample. Future research should examine sex differences in neural associations of negatively attentional bias. Finally, the timing issue is an important influence factor in the research of interaction between emotion and attention (Costa et al., 2014) . However, the lower temporal resolution of fMRI made it non-optimal to explore the directionality of the interaction of amygdala and prefrontal regions in the processing of emotion and attention (Eger et al., 2003; Esslen et al., 2004) . Future studies should examine this issue using higher temporal resolution equipment like EEG with source analysis (Costa et al., 2014 ).
CONCLUSION
The current study found that individuals with SubD allocated more attention toward negative stimuli, and that aberrant frontolimbic regions were engaged in negatively biased attention. These findings suggested that participants with SubD may exhibit impaired ability in the negative detection and inhibitory control in response to negative information. Therefore, negative biased attention could be considered as an early intervention target for those individuals at a risk of developing major depressive disorder.
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